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The novel lead-free ferroelectric relaxor system x(Bi(Zn2/3 Nb1/3)O3)(1−x)BaTiO3 (xBZN(1−x)BT) has received interest as a 
high-capacity relaxor dielectric material. Small quantities (< 10.0 mol.%) of BZN-based dopant had significant impacts on the 
structure of the BaTiO3 host. This study evaluates the effect of BZN additions to the BaTiO3 host up to xBZN = 10.0%. Initial 
additions of BZN were observed to stabilize tetragonal and orthorhombic coexistence at 295 K, alongside increasing dielectric 
constant. Peak dielectric constant and polarization were observed at x < 4.0%, coinciding with maximum orthorhombic intensity 
and a local minima in tetragonal intensity. Compositions 0 < x < 4.0% showed increasing polarization and a drop in Tm and classi-
cal ferroelectric properties. No significant dielectric dispersion was observed for compositions x < 4.0% over the frequency range 
5–640 kHz. Compositions at x > 4.0% showed the onset of dielectric relaxation alongside a drop in polarization coincident with a 
drop in the tetragonal cT/aT ratio and the onset of the cubic phase at 295 K. Peak piezoelectric, dielectric and polarization values 
occurred over the range 3.8% < x < 4.0%, alongside maximum orthorhombic intensity. Subsequent BZN additions showed a rapid 
onset of dielectric relaxation, alongside an increase in cubic intensity and a continuous drop in Tm with a minima near x = 7.0%. 
Tetragonal presence at 295 K also vanished to zero at x = 7.0%. Polarization loops ceased showing ferroelectric characteristics at 
x > 5.0%, showing a transition from lossy relaxor dielectric to low-loss relaxor dielectric at x > 10.0%.
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1. Introduction
The properties of relaxor ferroelectrics make them useful 
for a variety of applications including low-loss high-power 
dielectrics, energy storage, electrocaloric and nonlinear 
optical properties.1–3 Other characteristics of relaxors are a 
diffuse dielectric maxima, em and Tm (Tm = Tc for classical 
ferroelectrics), a frequency-dependent em, slim hysteresis 
loops and low values of Ec. In classical ferroelectrics, the free 
energy from the spontaneous polarization at temperatures, 
T < Tc is minimized by the formation of ferroelectric domain 
walls typically 10–100 nm in diameter, with the dielectric 
constant having a discontinuity at T = Tc with no significant 
frequency dispersion. 
For relaxors, the temperature at the dielectric maximum, 
Tm, does not necessarily correspond to a phase change from 
long-range ferroelectric order to a centrosymmetric paraelec-
tric phase.1 Relaxors are characterized by the presence of 
microscopic clusters a few unit cells in size known as polar 
nanoregions (PNRs),1,4,5,6 which form on cooling through the 
Burns temperature (Td). PNRs are initially a few unit cells in 
diameter and are generally a lower symmetry phase than the 
ferroelectric host, which is usually still paraelectric at T = Td. 
Near Td, the dipoles are weakly coupled and are free to reorient 
in the presence of random electric fields, resulting in an appar-
ently paraelectric structure for typical diffraction coherence 
length scales (~ 1 mm) at T > Tm. With decreasing temperature, 
PNRs exhibit enhanced coupling resulting in an increase in 
long-range order and a decrease in their dynamic character. 
Near Tm, a ferroelectric state can be induced by the application 
of an electric field greater than the critical field, Ec. Relaxor 
ferroelectrics at T < Tm can exhibit typical ferroelectric prop-
erties and exhibit frequency dispersion (significant Dem and 
DTm with probe frequency at the dielectric peak) around Tm. 
Coexistence of paraelectric and ferroelectric phases near Tm 
can also occur.1,6 The structural disorder present within relax-
ors means that multiple polar phases can coexist at T < Tm, 
and this often enhances key ferroelectric properties including 
piezoelectric coefficients and coupling factors.6–8
Relaxor additives are commonly added to classical fer-
roelectric solid solutions, e.g., bismuth zinc niobate — lead 
titanate (Bi(Zn2/3 Nb1/3)O3 — PbTiO3), (BZN-PT).9 Nomura 
et al.9 observed that additions of Bi(Zn2/3 Nb1/3)O3) (BZN) 
to PbTiO3 had greater tetragonality than PbTiO3, alongside 
increasing Tc. Paterson10 followed on from this work by 
adding Bi(Zn2/3 Nb1/3)O3 to BaTiO3 as a lead-free analogue 
of BZN-PT and noted that tetragonality reduced with BZN 
additions. Further work2,3,11 also observed decreasing tetrag-
onality with subsequent BZN additions, with the system 
assuming a pseudocubic appearance near x(BZN) = 5.0%3,11 
up to the miscibility limit at x ≤ 22.0%.11
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Considerable changes to the structural and  dielectric 
 properties have been observed at low concentrations of 
BZN (x ≤ 4.0%) additions. Bi(Zn2/3 Nb1/3)O3)-BaTiO3 
(xBZN(1−x)BT) has been identified as a low-loss energy 
storage material2,12 with BZN-doped BT (xBZN(1−x)BT) 
showing considerable structural disorder11 with phase poly-
morphism present at small (x < 5.0%) BZN additions. Ferro-
electricity has also been observed in the (xBZN(1−x)BT) 
solution for x ≤ 5.0%.2,11 This study investigated the struc-
tural and physical properties of dilute xBZN(1−x)BT 
(0 < x < 10.0%) solutions using high-resolution powder 
X-ray diffraction (HRXRD), dielectric measurements and 
polarization switching on bulk ceramic samples.
2. Method
2.1. Powder calcination
The xBZN(1-x)BT precursors were prepared by making 
the end member precursors first. The BaTiO3 precursor was 
prepared using BaCO3 and TiO2 (Sigma Aldrich 99.95%) by 
mixing for 24 h in isopropyl alcohol using zirconia media 
at a 10:1 media : charge ratio. Prior to mixing, BaCO3 and 
TiO2 were dried for 1 h in air at 573 K to remove adsorbed 
water.13 The Bi(Zn2/3 Nb1/3)O3 precursor was prepared as for 
BaTiO3 by heating to 573 K prior to mixing as for BaTiO3. 
BZNBT precursor powders were mixed by adding stoichio-
metric quantities of BZN to BaTiO3 precursors in initial steps 
of 1 mol.% (metals basis)11,13 with a uncertainty in mass 
 measurement of ± 0.003 g. The BaTiO3 and BZN precursors 
were made up to a maximum 20 g batches to minimize com-
positional uncertainty. Maximum uncertainty in composition 
was determined as (1 ± 0.05) mol.% for compositions 0 < x < 
3.4% and 5.0% < x < 10%. Maximum uncertainty for compo-
sitions 3.4% < x < 5.0% was determined to be ± 0.032 mol.%.
DTA/TGA analysis was performed to determine suitable 
ramp rates and dwells for different BZN-BT compositions.1,13 
Precursors were calcined in platinum crucibles within closed 
alumina crucibles in air for 4 h at maximum dwell tempera-
tures between 1128–1218 K. Post calcining, powder was 
weighed to determine that precursor reactions had gone to 
completion prior to examination with XRD. Calcined powder 
was examined at room temperature using a Bruker D5005 
diffractometer with Cu Ka radiation over a range of 20°–90° 
2q. The calcined powder was > 99% phase pure with small 
quantities of secondary phases identified mostly as BaTi2O5 
(PDF 04-012–4418). Calcined precursors were milled with 
zirconia media with a 10:1 media: charge ratio in IPA for a 
further 20 h to ensure compositional homogeneity and crys-
tallite size prior to sintering.
2.2. Powder standard preparation and characterization
Sintered powder specimens for high-resolution X-ray dif-
fraction were prepared from calcined powder precursors. 
Precursors were crystallized by heating in air in closed plati-
num crucibles between 1463–1513 K for a 2 hhot dwell, with 
2–3 g powder used per charge. Post crystallization, the pow-
der mass was de-agglomerated, sieved (100 mm mesh) and 
annealed in air for 2 h at 473 K prior to HRXRD. Weight loss 
for all compositions was < 1% indicating no significant mass 
loss took place from the calcined precursors during sintering. 
HRXRD was performed at 295 K using a Panalytical X’pert 
Pro MPD diffractometer equipped with a curved Johansson 
(Ge(111)) monochromator giving focused Cu Ka1 radiation. 
A solid state Pixcel detector was used with a step size of 
~ 0.013° and a range of 20–135° 2q with a total scan time of 
15 h. Peaks were identified using Panalytical High Score Plus 
software and the latest ICDD PDF 4+ database.
Rietveld refinement was performed using the TOPAS 
Academic 6 Rietveld refinement software (Pearson VII peak 
fitting model), including atomic displacement and thermal 
parameters. Best fits were obtained using anisotropic dis-
placement parameters (ADPs) for polar phases. Isotropic 
displacement parameters were only used for the cubic phase 
as use of ADPs caused the cubic models to become unstable 
during refinement.
Restraints on the lattice parameters were based on those 
by Wu et al.11 for the initial refinements. The tetragonal 
xBZN(1-x)BT phase was fitted using a modified version of 
the BaTiO3 PDF as the baseline (PDF 00-005 0626, P4 mm). 
Models for orthorhombic xBZN(1-x)BT were based on the 
PDF 01-083-8301 for BaTiO3 Amm2. The sintered pow-
der xBZN(1-x)BT standards were composed of > 99% 
phase pure xBZN(1-x)BT, with the parasitic phases iden-
tified as BaTi2O5 (PDF 00-008-0368) and Ba6Ti17O40 (PDF 
00-026-0321).
2.3. Ceramic preparation and microscopy
Ceramic samples were prepared using the de-agglomerated 
calcined precursors as described in Sec. 2.1. Cylindrical 
pellets of green dimensions approximately 13 mm diameter 
× 2.7 mm thickness were pressed at 80 MPa with 0.01 ml of 
2 wt.% aqueous PVA solution as the organic binder. Samples 
were sintered in a sealed platinum crucible within a powder 
bed consisting of calcined 0.2BZN(1-x)0.8BT to counter 
Bi2O3 loss. An inner layer of powder of the same sample 
composition adjacent to the pellet prevented contamination 
between the BZN-enriched outer powder bed and pellets. 
Pressed pellets, following an organic de-binding step for 
1 h at 923 K then ramped at 10 K min-1 were then sintered 
between 1463–1553 K for 90–120 min for the hot dwell, then 
cooling at 0.5 K min-1 for 30 K prior to an isothermal hold 
between 15–60 min, until cooling at 2 K min-1 to room tem-
perature. Sintered density was assessed using the Archimedes 
method with a modified Precisa balance and the theoretical 
density calculated from lattice parameters determined from 
powder standards. Dense (≥ 95%) ceramics were polished 
with silicon carbide paper and Struers diamond suspension 
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on polishing cloth down to 1 µm to an average thickness of 
1 mm. Conductive silver paint electrodes were painted on 
the polished faces and annealed at 773 K for 1 h prior to 
measurement.
2.4. Dielectric measurements
Dielectric measurements were obtained using a Hewlett 
Packard 4192A impedance analyzer. Capacitance and dielec-
tric loss were measured using a 1.1V sin wave over the fre-
quency range 5–640 kHz up to 650 K. Conductance was 
measured from room temperature up to 500 K from 5 kHz 
to 56.5 kHz. Polarization measurements were performed 
using an aixACCT TF Analysis A3000 with a TREK high 
voltage amplifier, enabling a maximum voltage of ± 2 kV 
(= 20 kV cm-1) for 1 mm thick ceramic samples. Polarization 
(P–E) loops and current-voltage curves were measured at a 
frequency of 1 Hz at ambient temperature (295 K). Average 
remnant polarization Pr is defined as Pr,average = (Pr+ + |Pr-|)/2. 
Spontaneous polarization Ps is determined by a linear fit of the 
first 10 points from the maximum polarization Psat to closely 
approximate the tangent on the curve of the P-E loop from 
which Ps is defined.
Measurements of d33 were obtained using a YE2730A d33 
meter (APC International) with a quartz standard for calibra-
tion. Prior to measurements, an applied voltage equivalent to 
twice the coercive field Ec (as determined from polarization 
data, range 2.0–3.0 kV) was applied to samples via Pt wire 
electrodes in silicone oil at 295 K. Voltage was applied to each 
sample for 3 min to ensure stability of electric field and that 
the samples were fully poled. Samples were measured at a 
variety of locations on the surface and on both sides to ensure 
validity of results and to ascertain measurement uncertainty.
3. Results
3.1. HRXRD spectra at 295K
Figure 1(a) shows a general overview of the xBZN(1-x)BT 
system with XRD spectra showing at least two phases present 
from the emergence of a third peak in the middle of the (002)/
(200)T doublet at x ≥ 2.0%. This additional peak showed the 
best correspondence to the (200)/(022)O peak attributed to 
the space group Amm2 (Orthorhombic lattice parameters, 
aO ≈ (aT + cT)/2, bO ≈ aO*√2 ≈ cO), appearing between the 
resolved (002)T and (200)T peaks from the tetragonal doublet. 
The (200)/(022)O peak increases in intensity as x increases, 
reaching a maximum near x = 4.0%. At x = 4.0%, the dif-
fracted intensity of the (200)/(022)O attributed to Amm2 
shows a sharp drop in intensity, whereas the P4 mm (002)T 
and (200)T shows a spike in intensity at x = 4.0%. Diffraction 
patterns for compositions at x > 4.0% start to show a more 
pseudocubic structure with a drop in tetragonal intensity 
alongside the appearance of the paraelectric Pm-3m phase. 
For x > 4.0%, the intensity attributed to Amm2 stays roughly 
constant with increasing BZN additions.
This is consistent with the best fits ascribed to the appear-
ance of the cubic Pm-3m phase at 295 K, first present as a 
trace at x = 4.0%, and its rapid rise in associated diffracted 
intensity with subsequent BZN additions for x > 4.0%.
Fig. 1.  (a) X-ray spectra for compositions with BZN additions in mol.% showing phase polymorphism at low BZN (x < 5.0%) concentra-
tions. The (200)c pseudocubic peak is shown in (b) showing the onset of a third peak near around x = 3.0%.
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Trends in diffracted intensity are broadly consistent 
with observations by Wu et al.2,11 who observed the drop 
in tetragonality over 3.8% < x ≤ 4.0% and the appearance 
of the pseudocubic phase at x ≥ 4.0%. Previous work on 
the xBZN(1-x)BT system2,11 used a model with tetragonal 
and rhombohedral polar phases present between 3.4% < x 
< 20.0%. However, no significant asymmetry of the (111) 
peak was observed at any composition at 295 K, which 
would be the case for any unit cell with a non 90° angle. 
Trends in  diffracted intensity are consistent with observa-
tions by Wu et al.2,11 who observed the drop in tetragonality 
near x = 3.8% and the appearance of the pseudocubic phase 
at x ≥ 4.0%.
Models used for fitting used Amm2, Cm (aM ≈ bM ≈ aT*√2, 
cM ≈ aT, b ≈ 90°) and Pm-3m alongside P4 mm for 3.0% 
< x < 6.0%, since orthorhombic and monoclinic polar phases 
often coexist with a tetragonal polar phase.14,15 Reasonable 
fits were obtained from the P4mm + Pm-3m and P4mm + 
Cm. The P4mm + Amm2 (with Pm-3m present at x > 4.0%) 
had the better fits from the GoF factor. For an ideal model 
the GoF will be as close to 1 as possible. Model fits over the 
(200)pc doublet for (a) x = 3.0%, (b) x = 3.8% and (c) x = 5.0% 
are shown in Fig. 2:
Structural models comprised solely of polar phases 
(P4mm, Cm and Amm2) showed poorer fits to the observed 
intensity at x ≥ 4.0% as shown in Fig. 2(c), particularly at 
high 2q angles. The addition of a Pm-3m phase at x ≥ 4.0% 
with ac ≈ 4.014 Å significantly improved the GoF and is con-
sistent with sharp increase in the fraction of the cubic phase 
from 4.5% < x < 8.0%.
The identity of the secondary polar phase was further 
investigated by comparing the GoF factor for models incor-
porating other possible symmetries alongside P4 mm, as 
found in other work.1,16,17 The minimum expected Bragg 
 factor, Rexp.18 varied from 4.0% < Rexp < 8.0% over all compo-
sitions. The goodness-of-fit (GoF) parameter is defined as the 
ratio of the calculated Bragg factor Rwp to the expected Bragg 
factor Rexp, where GoF = Rwp/Rexp.18,19 Trends of Rwp, Rexp and 
GoF are shown in Fig. 3.
Figure 3 shows that GoF factors for all models converge 
to a local minima at x = 3.9%, indicating that the long-range 
structure at x = 3.9% has a pseudocubic appearance, despite 
being ferroelectric. The transition from tetragonal to orthor-
hombic phases, whether composition or temperature driven, 
has been observed in other relaxor ferroelectrics systems, 
including 1-x(Bi0.5Na0.5)TiO3– xBaTiO316 and (1-x)BaTiO3 – 
xBiSnO3 system.17
Models using Amm2 as the secondary polar phase as 
shown in Fig. 2, had consistently lower GoF than those with 
Cm or Pm-3m. This is evidence that the secondary polar 
phase is orthorhombic in basis, rather than monoclinic or 
rhombohedral. Trends in diffracted intensity attributed to P4 
mm are broadly consistent with observations by Wu et al.2,11 
who observed the decline in tetragonality with BZN addi-
tions, resulting in a local minima at 3.8% < x ≤ 4.0%.
In the composition range 4.5% < x < 8.0%. diffracted 
intensity attributed to Amm2 remains mostly constant 
(~ 25% total intensity), while P4mm intensity steadily 
declines from ~35% at x = 4.5% to 0 at x = 7.0%. For 7.0% 
< x < 20.0%, Amm2 intensity showed an asymptotic decrease 
to ~20% of total diffracted intensity near x = 10.0%. Trends 
in phase abundance with composition up to x = 10.0% at 
room temperature are shown in Fig. 4.
Fig. 2.  Model fits for (a) x =3.0%, (b) x = 3.8% and (c) x = 5.0%. 
Models using Amm2 had the most consistent fits over all composi-
tions. Fits were generally poorer for compositions x ≤ 3.8%.
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BZN additions have a significant impact on the crystal 
structure of the BaTiO3 host as shown in Figs. 1 and 4, even at 
low concentrations such as x = 1.0%, where the Amm2 phase 
is stabilized at 295 K. Diffracted intensity ascribed to Amm2 
increased up to x = 3.9%, prior to a rapid drop in intensity 
at 3.9% < x < 4.0%. The drop in Amm2 intensity coincides 
with the first appearance of trace cubic presence at 295 K 
at x = 4.0%. The initial local maxima in P4mm at x = 4.0% 
is followed by a rapid decline, reaching zero near x = 7.0% 
alongside a corresponding increase in Pm-3m presence.
The discontinuity in diffracted intensity at x = 4.0% is 
reflected in the change in lattice parameters for the polar P4 
mm and Amm2 phases and the change in tetragonal cT/aT ratio 
in Fig. 5(a). From the known phase diagrams of BaTiO3 and 
previous work on this system,3,12,14 some of this instability 
indicates that phase transitions take place at or near room 
temperature, particularly for compositions 3.8% < x < 5.0%. 
Such phase transitions as well as the possibility of a remnant 
low temperature R3m phase can be investigated by nonambi-
ent diffraction methods.
The decline in cT/aT ratio occurs over a much narrower 
 compositional regime than observed in previous work on 
xBZN(1–x)BT2,11 and shows a strong local minima at x = 3.9%. 
Reasons for this are due in part to the high resolution of the 
diffractometer and the large number of high purity samples 
(5 discrete compositions for 3.6% < x < 4.5% inclusive) over 
the composition range 3.6% < x < 4.5% where previous studies 
of this system have identified dielectric maxima11 and structural 
transitions3,11 near x = 4.0%. This enables a much higher resolu-
tion in terms of compositional accuracy and XRD measurements 
over the region near x = 4.0% compared to previous studies.
Figures 5(a) and 5(b) shows a convergence in lattice 
parameters for both P4mm and Amm2 phases near x = 4.0%. 
The (111)pc peak was evaluated to examine any asymmetry 
attributable to non90° angle within unit cells. In Figs. 5(c) 
and 5(d), the (201)pc peak was selected over the (200)pc dou-
blet for FWHM and integrated intensity comparison, since 
the (201)pc better shows changes in orthorhombic intensity 
over 3.0% < x < 6.0% than (200)pc.
The drop in FWHM and integrated intensity in Figs. 5(c) 
and 5(d) are also indicative of a general convergence in lattice 
parameters for both polar phases. Note that for (111)pc, there 
is a sharp jump in FWHM at x ≥ 4.0% which is driven by the 
jump in tetragonal intensity at x = 4.0%. The drop in FWHM 
is evidence that the long-range Amm2-dominated xBZN(1–x)
BT shows a pseudo-cubic-like structure at 3.8% < x < 4.0%.
3.2. Dielectric and conductivity measurements
The relative permittivity and dielectric loss were measured 
from room temperature to 650 K between 5–640 kHz. 
Fig. 3.  (a) Rwp, Rexp and GoF for XRD models for compositions 
0 < x < 10.0%. Increase in Rexp for compositions 3.8% < x < 4.5% is 
from reduced total counts relative to adjacent data. (b) Compa rison 
of models with two polar phases (tetragonal and orthorhombic), 
(tetragonal and monoclinic) and tetragonal and cubic.
(a)
(b)
Fig. 4.  Relative phase abundance for the BZNBT ferroelectric 
 relaxor system at 295 K as determined by Rietveld refinement. Note 
the discontinuity in the orthorhombic/tetragonal abundance near x = 
4.0% and trace cubic presence at 295 K at x > 4.0%. Uncertainty in 
attributed intensity is shown in the hashed areas.
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Figure  6 summarizes em, Tm and the dielectric dispersion 
recorded from all compositions, respectively.
Values of em and Tm were measured from the capacitance 
measured from the Hewlett Pickard 4192A impedance ana-
lyzer with an uncertainty in temperature of ± 1 K and the 
nearest whole number for em for each frequency. The mag-
nitude of dielectric dispersion in peak temperature DTm was 
determined from the difference between Tm at 5 kHz and Tm 
at 640 kHz. Similarly, Dem was calculated from the difference 
between em at 5 kHz and em at 640 kHz and given as a per-
centage of em at 5 kHz for clarity. For compositions, where 
Tm < 290 K at 5 kHz (and hence em), additional data has been 
interpolated from Wu et al.11 Trends in em, Tm and dispersion 
(DTm and Dem) are shown in Fig. 6.
In terms of the magnitude of the dielectric maximum 
em, Paterson et al.10 determined a maximum em at x = 5.0% 
of 10,000 at 1 kHz. Conversely, Chen et al3 identified x = 
2.0% as the composition with the highest em up to 60,000 for 
10 kHz. More comprehensive studies on dielectric studies by 
Wu et al.2,11 show maximum values of em around 5000 over 
composition ranges 2.0% < x < 6.0%. In this work, dielectric 
em attains its highest overall value where em = 4846 at 5 kHz 
for x = 4.5% and is high (> 3000) for compositions 3.0% 
< x < 7.0%, which is more consistent with the studies by Wu 
et al.2,11 Dielectric loss was observed to decrease initially with 
BZN addition to a minimum near x = 4.0%, remaining low up 
to x = 5.0%. The loss increases steeply at x > 5.0% with a 
maximum at x = 8.0%, coinciding with the drop in em and 
maximum dielectric and temperature dispersion. The dielec-
tric loss subsequently decreases for further BZN additions at 
x > 8.0% with compositions x > 10.0% showing a dielectric 
loss consistent with low-loss relaxor dielectrics and previous 
studies of this system. Plots of dielectric constant and loss 
with temperature and composition are shown in Appendix A).
The temperature of the dielectric maxima Tm decreases 
continuously with BZN content, reaching a local minima 
near x = 7.0, where Tm < 290 K for em (5 kHz), consistent with 
previous research indicating that minimum Tm is in the region 
6.0% < x < 8.0%.10,11 Dielectric and temperature  dispersion 
DTm and Dem is negligible for x ≤ 3.9% as seen in Fig. 6, but 
Dem increases rapidly with a maximum in relative and abso-
lute Dem at x = 4.5% from its onset at x ≥ 4.0%, despite DTm 
being relatively small at x = 4.5%. Composition x = 4.5% 
shows considerable disorder compared to other relaxor 
Fig. 5.  Trends in lattice parameters with BZN composition for (a) tetragonal and (b) orthorhombic phases. The change in tetragonal ratio 
((cT/aT) - 1) is shown in (a) alongside the cT and aT parameters with BZN content. (c) shows trends in FWHM from raw data for the (111)pc 
and (201)pc with composition and (d) Integrated intensities of (111)pc and (201)pc peaks showing local minima at 3.8% < x < 5.0%.
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compositions in that frequency and dielectric values do not 
show the usual trends of em where em typically decreases 
and Tm increases with increasing frequency — the standard 
relationship only holds for frequencies ≥ 80 kHz. Some of 
this could be due to the unusual dielectric properties of com-
position x = 4.5% but non-optimized processing conditions 
cannot be ruled out. This is particularly true when it is well 
known that grain size has significant impact on dielectric and 
piezoelectric properties.20,21
Overall, DTm and normalized Dem increase steadily with 
additional BZN from x > 4.5%, with DTm reaching a maxima 
at x = 8.0%, the trend in in Tm broadly consistent with pre-
vious investigations2,11 of this system. DTm and Dem decline 
at x > 8.0%, with em ≈ 500 and DTm ~ 60 K for x ≥ 12.0%. 
Dielectric observations show that the xBZN(1-x)BT system 
has nondispersive ferroelectric characteristics up to x = 3.9% 
and shows a rapid transition to a lossy ferroelectric relaxor 
regimen at 4.0% < x < 5.0%.
Conductance was measured between room temperature 
and 480 K between 5–6.6 kHz and is shown for selected com-
positions in Fig. 7. Conductance shows similar initial trends 
with composition as em with peak conductance at Tm for 
x < 4.0%. Some significant differences in temperature depen-
dency are observed between the conductance and em, specif-
ically for x = 1.0% and x = 2.0%. Both these compositions 
show large, broad peaks in conductance at T < Tm and at Tm 
itself. These lower-temperature peaks are most likely due to 
the transition between an orthorhombic-dominant to a tetrag-
onal-dominated structure, which occurs near 300 K for x = 
1.0%. For Amm2-dominated compositions 3.4% < x < 4.0%, 
the peak conductance shows a sharp peak at Tm,  relative to 
the broad peak for P4mm-dominated composition at x = 1.0% 
(Fig. 7(a)). At x = 4.0% in Fig. 6(d), peak conductivity does 
not coincide with Tm as it does for x = 3.9% (Fig. 6(c)) being 
the limit of peak conductivity at Tm. This is also coincident 
with the discontinuity in crystal structure near x = 4.0% 
shown in Figs. 1 and 4. The structural discontinuity revealed 
by XRD is also present in the electrical and dielectric prop-
erties of this system and shows a similarly sharp boundary 
between 3.9% < x < 4.0%, as shown by Figs. 7(c) and 7(d). 
Further BZN additions show a shift in conductance to lower 
temperatures but since Tm < 290 K for x > 5.0% for probe 
frequencies ≤ 56.6 kHz the displacement between peak con-
ductance, em and Tm for x > 5.0% is unclear.
3.3. Piezoelectric data
The average direct piezoelectric coefficient d33 was observed 
to increase with BZN additions up a maximum near x = 3.9%, 
as shown in Fig. 8, alongside the tetragonality ratio (cT/aT) - 1. 
No significant d33 response at 295 K was detected for compo-
sitions x > 5.0%.
The increase in d33 was initially independent of cT/aT ratio 
up to x = 3.0% where at 3.0% < x < 3.9% an inverse correla-
tion between d33 and (cT/aT) - 1 is observed, the peak in d33 
coinciding with the local minima in cT/aT and tetragonal inten-
sity at x = 3.9%. Values of d33 drop sharply at x ≥ 4.0% in line 
with a sharp spike in tetragonal intensity, but the cT/aT ratio 
does not start to decrease significantly until x > 5.0%, which 
also marks the limit of meaningful d33 response in this study.
From the dielectric measurements alongside the crystal-
lographic data in Figs. 1 and 4, d33 is maximum where the 
lattice parameters condense to a more pseudocubic structure, 
then drops sharply following the local re-emergence of tetrag-
onal dominance at x = 4.0%, prior to the rapid decline in (cT/
aT) ratio with subsequent BZN additions. The d33 similarly 
declines sharply in the composition regime 4.0% < x < 5.0%, 
despite a re-bound in the (cT/aT) at x > 4.0%. This is consis-
tent with the dielectric measurements and prior research11 on 
the xBZN(1–x)BT system that x = 5.0% is the limit of ferro-
electricity at 295 K.
3.4. Polarization data
Polarization loops and their corresponding E-J switching 
peaks are shown in Fig. 9.
Fig. 6.  (a) Plots of Tm and em and (b) DTm and normalized Dem with 
BZN concentration. Note the dielectric anomalies at x = 4.5% and 
8.0%. Dotted lines at x = 8.0% in Fig. 6(a) indicate local maxima in 
Tm (640 kHz). DTm and Dem in 6(b) calculated using interpolated data 
for 5.0% < x < 10.0% for 5kHz from Wu et al.11
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BZN additions to BaTiO3 increased the coercive field Ec, 
spontaneous polarization, Ps, and the remnant polarization, 
Pr up to x = 3.9%. Polarization loops still show the classic 
“square” ferroelectric shape at x = 4.0%, but the loops quickly 
lose their definition with subsequent BZN additions as seen 
in Fig. 9(f), alongside features within the current plots indic-
ative of current leakage. No suitable loops were obtained for 
compositions 6.0% < x < 7.0% since the conductivity was 
too high to obtain data at applied electric fields greater than 
0.5  kV cm-1. The change in loop shape between x = 4.0% 
(Fig. 9(e)) and 4.5% (Fig. 9(f)) indicates that the onset of the 
 ferroelectric-relaxor transition occurs at 4.0% < x < 4.5%. The 
dispersive nature of the P-E loop at x = 4.5% is consistent with 
the highly dispersive dielectric properties shown in Fig. 6.
The composition at x = 1.0% shows slim hysteresis loops 
similar to those observed from BaTiO3 ceramics in other 
Fig. 7.  Conductance for compositions (a) x = 1.0%, (b) 3.4%, (c) 3.9%, (d) 4.0%, (e) 4.5%, (f) 5.0%, (g) 6.0%, (h) 8.0% and (i) 10.0%. 
Tm < 290 K for 6.0% < x< 10.0% at (640 kHz). Dotted line shows Tm with respect to conductance.
Fig. 8.  Trends in d33 and (cT/aT)-1 with BZN concentration for 
measurable d33 coefficients.
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studies,21,22 particularly for fine-grained ceramics. The low 
value of Ps is consistent with the small d33 obtained from 
BaTiO3 relative to other studies23 in that the ceramic process-
ing methods in this work are not fully optimized with respect 
to grain size and dielectric properties.
The P-E loop at x = 1.0% shows small current peaks 
over a range of coercive fields, indicative of stepped domain 
switching consistent with the sloped P-E loops. In contrast, 
x = 3.0% shows a single, large current peak in current near 
Ec, as reflected by the wider P-E loop. Multiple peaks are 
seen with subsequent additions between 3.0% < x < 4.0% as 
seen in Figs. 9(b)–9(d), indicating 2–3 larger steps in domain 
switching relative to BaTiO3-like compositions, defined here 
as 0 < x ≤ 3.0%. The regime where multiple current peaks 
are present during switching is observed between 3.4% < x 
≤ 3.9%, where the smaller discrete switching peaks seen at 
x = 3.4% (Fig. 9(b)) coalesce into 3 stepped peaks at 3.9%. 
The highest current density peak was also observed for x = 
3.9%, which also has the maximum values of Pr and Ps. For 
x = 4.0%, the loops show the ferroelectric character but only 
one significant current peak evident and a decline in Ps and Pr 
relative to x = 3.9% is observed. This indicates that changes 
in domain switching occur at the onset of relaxation from 2–3 
large steps to multiple discrete switching steps at Ec.
From the shape of the E-J loop in Fig. 9(f) at x = 4.5% 
in the relaxor ferroelectric regime, the position of the cur-
rent peaks and the magnitude are more consistent with charge 
leakage than domain switching. The shape of the loop is 
anomalous relative to other compositions and resembles that 
of a lossy dielectric more than a relaxor ferroelectric. Sample 
dependency can be ruled out since these loops were obtained 
from multiple ceramic samples of the same composition. 
Fig. 9.  Polarization and voltage current density loops from BaTiO3 and BZNBT samples. (a) x = 1.0%, (b) 3.0%, (c) 3.4%, (d) 3.9%, (e) 
4.0%, (f) 4.5%, (g) 5.0%, (h) 8.0% and (i) 10.0%. Compositions x > 4.0% show the transition to lossy relaxor to low-loss dielectric relaxor 
at x > 10.0% onwards.
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Charge leakage is much reduced for x = 5.0% (Fig. 9(g)) 
relative to x = 4.5% with small switching peaks for all val-
ues of applied field and a drop in Ec relative to compositions 
closer to x = 4.0%. For x > 5.0%, slimmer hysteresis loops 
characteristic of relaxor ferroelectrics are present,11 with an 
exception at x = 8.0%, consistent with the high dielectric loss 
observed for this composition.
Trends in remnant and spontaneous polarization (Pr and 
Ps) alongside coercive field up to x ≥ 5.0% are shown in 
Fig. 10. The coercive field Ec plateaus around 8 kV cm-1 up 
to x = 4.0%. An increase in Ec at x > 4.0% is observed with 
a maximum at x = 4.5%, followed by a steep decrease at x > 
4.5% in line with Pr and Ps. The average remnant polarization 
Pr more closely follows the trend in orthorhombic abundance 
and lattice parameters, than Ec, shown in Figs. 3 and 4, with a 
peak in Pr at x = 4.0% and a steep decline at x > 4.0%. From 
Fig. 10 it is unclear whether the apparent increase in both Ec 
and Ps from x = 4.0% to x = 4.5% is a result of resistance to 
domain switching or an artifact from current leakage, since 
composition x = 4.5% is a highly lossy relaxor ferroelectric 
measured close to Tm as seen in Figs. 6 and 7. Composition 
x = 8.0% shows a similar P-E loop with V-J loops indicative 
of significant charge leakage. Subsequent addition of BZN 
reduced Pr, Ec and the current leakage, resulting in slim, low-
loss relaxor dielectric loops, consistent with previous obser-
vations of this system.11
4. Conclusions
Dilute additions (x < 10%) of Bi(Zn2/3Nb1/3)O3 (BZN) to 
BaTiO3 resulted in considerable structural distortion to the 
BaTiO3 host, with a significant impact on the dielectric 
properties within the xBZN(1–x)BT system. Initial addi-
tions (1.0% < x < 3.0%) of BZN to BaTiO3 enabled stable 
P4mm/Amm2 phase coexistence at room temperature, with 
Amm2 presence dominating for 3.4% < x < 3.9%. A well- 
defined  ferroelectric-relaxor transition was observed in the 
region 4.0% < x < 5.0%, characterized by (i) a local min-
ima in tetragonal cT/aT ratio at x = 3.9%; (ii) discontinuity 
in the  orthorhombic/ tetragonal phase abundance at 295 K, 
(iii) onset of dielectric relaxation at Tm and appearance of 
the cubic phase at 295 K for x ≥ 4.0% and (iv) decline in 
Pr and transition to relaxor dielectric from 4.0% < x < 5.0% 
onwards. Comparison of models incorporating either Cm as a 
polar phase or having Pm-3m present from x = 1.0% onwards 
indicate that the polar phases consist of P4mm and Amm2 at 
295 K for compositions 0 < x < 4.0%.
This work shows that there is a fundamental change in 
the electro-mechanical properties of the xBZN(1–x)BT at x = 
4.0%. This is reflected by the current peak no longer coincid-
ing with Tm at x ≥ 4.0% in Fig. 7 and the drop in d33 at x ≥ 
4.0% as shown in Fig. 8, even though the cT/aT at 4.0% < x < 
5.0% is close to that at x ≤ 3.8% and the dielectric constant 
remains high (em ≥ 3000) up to x = 7.0%. The main observa-
tions from this study are summarized as follows:
 (i) Dilute BZN additions stabilized the coexistence of 
the two polar P4mm and Amm2 phases at 295 K. 
Orthorhombic Amm2 dominated at 295 K for 3.4% < x 
< 3.9%. Lack of asymmetry from (111) and (222) peaks 
indicate no non-90° angles within unit cells, hence no 
rhombohedral or monoclinic phase.
 (ii) A crystallographic discontinuity near 3.8% < x ≤ 4.0% 
is marked by the convergence of the lattice parameters 
of the polar phases at x = 3.9% (Fig. 4(a)). This is also 
reflected by peaks in em, d33 and Ps and the de-coupling 
of peak conductance with Tm at x ≥ 4.0%.
(iii) Composition x = 4.0% marks the first appearance of 
the cubic phase as a trace at 295 K, where T < Tm and 
a local maxima in P4mm intensity at T < Tm. Relaxor 
characteristics become established between 4.0% < x < 
5.0%.
(iv) Low-loss relaxor dielectric properties (Figs. 5 and 8) 
observed for compositions x ≥ 10.0% up to miscibility 
limit at x = 20.0%.
 (v) Five main composition regimes are observed for 
the BZNBT system; (i) 0 < x < 3.0% BaTiO3-like 
ferroelectric; (ii) Stepped current-switching Amm2-
dominant ferroelectric 3.4% < x < 3.9%; (iii) Relaxor 
ferroelectric, characterized by the onset of dispersion 
and Pm-3m presence at T < Tm for 4.0% < x < 5.0%; (iv) 
Lossy relaxor dielectric 5.0% < x < 10.0% and (v) low 
loss relaxor dielectric x > 10.0%.
Appendix A
Dielectric constant and loss for compositions 1.0% < x < 
10.0%
Fig. 10.  Trends in Pr, Ps and Ec with BZN composition.
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Appendix: Dielectric constant, Tm and loss for compositions 1.0% < x < 10.0% for frequencies 5 kHz–640 kHz.
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